Abstract. The mechanism of protein chain initiation has been investigated in a cell-free amino acid incorporation system from wheat embryos dependent on tobacco mosaic virus RNA. Analysis of the N-termini of the labeled peptide products of short-term incubations showed the presence of unblocked methionine. In addition, methionyl-tRNA (Met-tRNA) could be bound to ribosomes at 1.3 mM Mg++ in a reaction requiring viral RNA, ATP, GTP, and soluble protein factors.
Abstract. The mechanism of protein chain initiation has been investigated in a cell-free amino acid incorporation system from wheat embryos dependent on tobacco mosaic virus RNA. Analysis of the N-termini of the labeled peptide products of short-term incubations showed the presence of unblocked methionine. In addition, methionyl-tRNA (Met-tRNA) could be bound to ribosomes at 1.3 mM Mg++ in a reaction requiring viral RNA, ATP, GTP, and soluble protein factors.
Incorporation experiments with the two cytoplasmic Met-tRNAs of wheat germ, an initiating species designated Met-tRNAj and a Met-tRNAm, showed that methionine transfer from Met-tRNAi was linear from zero time, while that from Met-tRNAm occurred only after an appreciable lag. Analysis of the peptide products showed that methionine transfer from Met-tRNA1 was predominantly N-terminal. In contrast, methionine transfer from Met-tRNAm was exclusively into internal positions. Similar selectivity was observed in the ribosome binding assay; only Met-tRNA1 showed a strong reaction. These experiments provide strong evidence that in the wheat embryo, cytoplasmic MettRNAi functions without formylation in the initiation of protein synthesis.
Protein synthesis in bacteria is initiated by the attachment of ribosomes to messenger RNA in the presence of initiation factors and N-formylmethionyltRNA (fMet-tRNA). [1] [2] [3] [4] It has been proposed that in the cytoplasm of eukaryotes the analogous process utilizes unformylated methionyl-tRNA (MettRNA).68 Support for this proposal comes from experiments with mouse ascites tumor cell,5'6 rabbit reticulocytes,7 and wheat germ.8 In the study with wheat germ, two cytoplasmic methionine tRNAs (tRNAMets) were obtained by fractionation on benzoylated DEAE-cellulose.A The two species could be distinguished by differences in their ability to react with puromycin on wheat germ ribosomes; it was postulated that the reactive species was an initiating tRNA. It was designated tRNA1Met. 8 In order to directly examine the question of participation of methionine in initiation with a natural messenger RNA, as well as the specific role of tRNA Met, we have utilized a cell-free system from wheat embryo that catalyzes peptide synthesis dependent on tobacco mosaic virus RNA.9 Since this system shows an absolute requirement for initiation factors,'0" it might be expected to provide the specificity required for distinguishing an initiator tRNA.
The present study demonstrates that methionine is traiisferred from M\iet-tRNAi into the N-terminal position of the peptide products made in vitro by wheat embryo with viral RNA. Furthermore, MIet-tRNAi can be selectively bound to ribosomes under conditions identical with those of the initiation reaction. 10 M\Iethionine incorporation from Met-tRNAm occurs only after an initial lag, and this incorporation is into internal positions of the peptide chain. These studies support the proposal that unblocked Met-tRNA functions in cytoplasmic chain initiation and identify the cytoplasmic Met-tRNAi as an initiating species in the wheat cell.
Materials and Methods. Wheat embryo was used as previously described,9"10 except that the KCl concentration in the homogenization medium, used for preparation of ribosomes and soluble fraction, was 100 mM. In addition, when the pH of the homogenate was below 6.7, sufficient 1 M KHCO was added to bring the pH to this point. Preparations of soluble fraction used were: S23 (23,000 X g supernatant), S100 (100,000 X g supernatant), or S100-DEAE (S100 passed through DEAE-cellulose at 0.27 M KCl). All dialyses were for 2 hr at 0-4°C. 44 mM KCl, once-washed ribosomes (200 /Ag RNA), 0.08 ml dialyzed S100, and the radioactive amino acid. The second assay, referred to as the "preincubated system," was carried out in two steps. The assay mixture contained the same quantity of components as in the standard system but in a volume of 0.34 ml, except that tRNA and the radioactive amino acid were omitted, the Mg++ concentration was 2.5 mM, and 0.12 ml dialyzed S100-DEAE was added in place of S100. After a preincubation of 6 min at 300C, the K+ and Mg++ concentrations were adjusted to 51 and 3.6 mM, respectively, and either 11.2 ,g tRNA and a radioactive amino acid or radioactive aminoacyl-tRNA was added. The resulting solution was then incubated at 30'C for various lengths of time. Peptide products were analyzed as follows. Incubation mixtures were brought to a volume of 3 ml with water, and 0.25 ml of 0.25 N KOH was added. After 15 min at 30'C, 10 /Amol of diluent unlabeled amino acid and 0.4 ml of 68% trichloroacetic acid were added.
The pelleted protein was washed twice with 5% trichloroacetic acid, once with ethanol, once with ether, and analyzed for N-terminal and internal radioactivity by the fluorodinitrobenzene procedure of Sanger" as described by Fraenkel-Conrat and Ruekert." 6 Ribosome binding was assayed as previously described'2 by the filtration procedure of Nirenberg and Leder."3 Met-and Phe-tRNAs were prepared by procedures similar to those of Vold and Sypherd.'4 The procedure for the preparation of 8 aminoacyl-tRNAs was similar except that 8 radioactive amino acids (leucine, serine, valine, lysine, threonine, proline, phenylalanine, and glutamic acid) were used. The two cytoplasmic methionine tRNAs, tRNAiMet and tRNAm et, were isolated from bulk wheat germ tRNA on two successive benzoylated DEAE-cellulose columns.8 The first column, run in the presence of 10 mM MgC12, separated the two cytoplasmic tRNAs from tRNAfMet, an initiating tRNAMet from plastids.'7 The second column, run in the presence of 1 mM EDTA and 10 mM sodium acetate (pH 4.5), resolved the two cytoplasmic tRNAMets from each other.
Results. Amino terminal analysis of radioactive peptides: Labeled peptides synthesized in vitro with tobacco mosaic virus RNA were analyzed by the fluorodinitrobenzene method"5 16 to determine which amino acid(s) was incorporated For each experiment, 0.8 ml of the standard system was incubated with a radioactive amino acid
(1-2 /Ci of 14C or 10-20 ,uCi of 3H), 20 ,ug chloramphenicol, and 0.24 ml of S23 for 45 min at 30OC.
The radioactive peptides were then analyzed.
into the N-terminal position. The results for eight amino acids are presented in Table 1 . Of these, only methionine and tyrosine were incorporated into the amino termini of the peptide product. With an initiating amino acid, the per cent incorporation at the N-terminal position should be greatest at the shortest incubation times. The per cent decreases as the amino acid is incorporated into internal positions. The experiments with methionine and tyrosine were therefore repeated with incubation times of 7 and 16 min. Phenylalanine was also tested as a control. After a 7 min incubation ( Table 2) , 26% of the methionine incorporated was N-terminal. By 16 min the value dropped to 10.7%. In the case of tyrosine, the values varied from 1 to 2% at both 7 and 16 min. These results suggest that methionine is an initiating amino acid in the viral RNAdependent wheat embryo system. To obtain some idea of the generality of this conclusion, another experiment was performed in which a methionine-labeled product was obtained from a 10-min reaction catalyzed by the endogenous wheat embryo messenger.18 Total incorporation was 9626 cpm, with 846 cpm at the amino terminus, or 8.8% N-terminal. Ribosomal binding of Met-tRNA: One of the discriminating features of the bacterial initiation system is the binding of fMet-tRNA to ribosomes. At low Mg++ concentration the reaction is specific for fMet-tRNA and requires GTP and soluble protein factors.1 '19-21 The data of Table 3 demonstrate that a ribosome binding reaction can be obtained with nonformylated Met-tRNA in the The incubation contents were those described for the preincubation system with the following changes: Phosphoenolpyruvate and pyruvate kinase were omitted, GTP was 50 AM and Mg* + was 1.3 mM. In addition, 400 pmol of the respective [12C]amino acids was included. At zero time (no preincubation), the particular aminoacyl-tRNA was added to give a final volume of 0.34 ml, and ribosome binding was assayed after 10 min at 20°C.
* The Met-tRNA used in these experiments was made with bulk tRNA. The preparation used in Expt. 2 Methionyl-tRNAj is the initiating species: The experiments described above employed bulk wheat germ tRNA which contains tRNAs from cytoplasm, plastids, and mitochondria. By chromatography on benzoylated DEAE-cellulose, three methionine tRNAs have been separated from bulk wheat germ tRNA,8 two from the cytoplasm (tRNAiMet and tRNAmMet) and a minor species (tRNAfMet) which comes from the plastids.17 On the basis of the reaction with puromycin, it was postulated that one of the cytoplasmic tRNAs was an initiating tRNA, and it was designated tRNA1Met. 8, 17 To examine this question further, the incorporation of methionine from each of the two cytoplasmic Met-tRNAs was studied in the viral RNA-dependent system. The kinetics of this incorporation is presented in Fig. 1 The kinetic pattern for incorporation from Met-tRNAm is consistent with a function for it in chain elongation. In contrast, the pattern for incorpqration from Met-tRNAi is consistent with a function in chain initiation (Fig. 1B) . Transfer from M\Iet-tRNAi occurred at a linear rate from zero time. When the addition of the [14C ]Met-tRNAi was delayed for 20 min, the initial incorporation rate was almost the same. (After 10 min the rate fell off, presumably due to hydrolysis of the Met-tRNA.)
Direct evidence for the roles of the two cytoplasmic Met-tRNAs was obtained by carrying out the viral RNA-catalyzed reaction with each species and analyzing the peptide products. Of the methionine transferred from Met-tRNAm, 98%
was internal (Table 4 ). In contrast, 57% of the methionine transferred from Met-tRNAi was N-terminal. Since in the case of methionine, the yield in the fluorodinitrobenzene procedure is approximately 75%, 15 the actual % N-terminal would have been considerably greater. Thus, most of the methionine transferred from Met-tRNAi was found unblocked in the N-terminal position, confirming the proposal that this tRNA functions for initiation without formylation.8
The distinction between Met-tRNAi and Met-tRNAm was also seen in experiments with aurintricarboxylic acid (ATA), a specific inhibitor of ribosomemessenger complex formation. 1124 It was shown previously that ATA added at Both assays used the preincubated system. In the first experiment ['4C]Met-tRNAi (30 pmol, 9000 cpm) was added after preincubation in two equal parts, half at the onset of the incubation and half after 7 min. The reaction was stopped after 21 min. In the second experiment, [14C ]Met-tRNAm (23 pmol, 6700 cpm) was added in two equal parts, half after 20 min of incubation and the other half 7 min later. The reaction was stopped after 36 min. The remainder of the procedure was as in Table 1 .
zero time to the wheat embryo system inhibited amino acid incorporation by more than 90%. When ATA and aminoacyl-tRNA were added after a preincubation there was little inhibition." When ATA was added with Met-tRNAm after 20 min of incubation, there was less than 20% inhibition ( Table 5) , showing that Met-tRNAm functions for chain elongation. In contrast, in a similar experiment when ATA and Met-tRNAj were added together after a 6-min preincubation, transfer of methionine from Met-tRNA, was inhibited by more than 90% (Table 5 ). This observation indicates that Met-tRNAi does not participate in chain elongation and reinforces the evidence that it functions as a chain initiator. Ribosomal binding of Met-tRNA,: Evidence was presented above that the binding of Met-tRNA to ribosomes at 1.3 mM Mg++ is an integral part of the initiation process. This conclusion was based on the requirements for the binding reaction and its specificity as determined in trials with other aminoacyltRNAs. The binding under these initiating conditions should discriminate between Met-tRNAi and Met-tRNAm. When these two Met-tRNAs were tested, a very clear binding reaction occurred with Met-tRNA, (Table 6 ). This binding was strongly dependent upon both viral RNA and supernatant factors. With Met-tRNAm, weaker binding was obtained, with little dependence upon added viral RNA (Table 6 ). In common with the other aminoacyl-tRNAs (Table  3) , Met-tRNAm binding was actually inhibited by the supernatant fraction. Discussion. The present study was to ascertain the role of methionine in protein chain initiation in wheat. The various lines of evidence presented-the kinetics of incorporation, the peptide analysis, the effect of ATA, and the results of the ribosome binding assay-indicate conclusively that in this system Met-tRNAj is a specific protein chain initiator. Since this species of Met-tRNA is cytoplasmic,17 since it cannot be formylated by wheat germ transformylase,8 and since it transferred unblocked methionine to the N-terminus of peptides coded for by viral RNA, we conclude that Met-tRNAi can initiate protein synthesis in the cytoplasm of wheat cells without formylation. There is evidence that this type of initiation occurs in the cytoplasm in a number of eukaryotic organisms.6-7'25-29 * Supported by USPHS Research grants no. GM 10791 (to E. B. K.) and GM 15122 (to
